Magnetic sail is a propellantless propulsion system used in space, which is capable of generating a propulsive force by the interaction between the magnetic field generated by a hoop coil and the solar wind plasma flow. Three dimensional hybrid (ion particles and electron fluid) particle-in-cell (PIC) simulation and scale-model experiment are performed to investigate the characteristics of the plasma flow around a magnetosphere on the ion inertial scale where an ion gyro radius rLi is comparable to the representative size of magnetosphere L. It is found that the dark region around magnetospheric boundary appearing in the experimental photograph corresponds to the region where the plasma density increases due to the plasma trapped by the magnetic field. The induced current which is both perpendicular to the plasma flow and the magnetic field also increases in the magnetospheric boundary region hence this region coincides with the magnetopause current layer. The width of the magnetopause current layer has a good agreement between the numerical simulation result and experimental result. Also, the predicted thrust value of 0.34 ± 0.01 N obtained by the hybrid simulation agrees well with the experimental result when numerical simulation is carried out by considering the ion-neutral collision effect. The hybrid PIC simulation carried out without considering the collisional effect gave a thrust value of 0.4 ± 0.01 N (increasing by a factor of 1.3), which can be applied to the thrust evaluation of the magnetic sail in a collisionless interplanetary space.
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Introduction
A highly efficient space propulsion system can help shorten the mission time to deep space. One of the promising next-generation interplanetary propulsion systems is a sail propulsion system that obtains the momentum from the solar wind which is a supersonic plasma flow. A magnetic sail, which was proposed by Zubrin 1) in 1991, consists of a simple hoop coil and can gain a propulsive force generated by the interaction between the solar wind and artificial magnetic field that is induced by the hoop coil. The biggest advantage of the magnetic sail is that it is a propellantless system. The artificial magnetic field blocks the solar wind, resulting in the formation of a magnetosphere. The solar wind plasma flow and the artificial magnetic field are separated by a magnetopause with a current layer. If an ion gyro radius r Li at the magnetopause is much less than the representative size of magnetosphere L (r Li << L : MHD scale), the ions entering the magnetic field are perfectly reflected back at the magnetopause, as shown in Fig. 1 Fig. 2 . This is because the thickness of magnetopause current layer depends on the characteristics length of charge separation. And the characteristics length of charge separation is depends on the ion gyro radius at the magnetopause as shown in Fig. 1 .
According to the thrust generation mechanism of the magnetic sail clarified by a magnetohydrodynamic (MHD) analysis 2) , in order to maintain the pressure balance between the magnetic field and the dynamic solar wind, an induction current (magnetopause current) shown in Fig. 1 is induced at the magnetopause. According to the Biot-Savart law, this current generates a magnetic field around the coil. The Lorentz force produced by the interaction between the coil current and the generated magnetic field acts on the coil in the form of a propulsive force. In recent studies conducted on magnetic sails, Nishida demonstrated the process of momentum transfer from the solar wind to the hoop coil in a spacecraft and conducted the evaluation of the thrust obtained in the magnetic sail by performing an ideal MHD simulations [2] [3] . In addition, on the ion inertial scale, Fujita 4) and Kajimura 5) carried out hybrid particle-in-cell (PIC) simulations, which included the effect of ion kinetics to evaluate the thrust experienced by the spacecraft in magnetospheres of various sizes. Other hybrid PIC simulations that take into account ion kinetics [6] [7] [8] have been performed to observe the interaction between the solar wind and the artificial magnetic field; however, very few published papers on this subject report a comparison between the thrust on a spacecraft observed experimentally and that observed in numerical simulations.
To gain a better understanding of the plasma flow structure around a magnetosphere on the MHD scale, laboratory experiment using scale-down modeling [9] [10] [11] and numerical simulations 12) were performed for a 0.1-m-size magnetosphere which can produce a Newton-class thrust. We investigated in that paper 12) the characteristics of the magnetosphere, such as the profile of the magnetic field, the thickness of the magnetopause current layer, and the predicted thrust value obtained by simulations on the MHD scale, which agreed well with laboratory experiment, when numerical simulations are carried out by considering the ion-neutral collision effect. In the present paper, in order to understand the characteristics of the plasma flow structure around the magnetosphere on the ion inertial scale, we compare the recent experimental results 13) with the numerical simulation results such as the profile of the density, magnetic field current density, and the obtained thrust value.
Ground Experiment
Experimental setup of the magnetic sail, consisting of two simulators, a solar wind simulator (SWS) and a magnetic sail simulator (MSS) used in the previous ground experiment [9] [10] [11] , is illustrated in Fig. 3 . The coil of MSS is operated in synchronization with the activation of SWS. The SWS and MSS have a quasi-steady operating period during 0.2 msec; during this quasi-steady period, a plasma flow around the magnetic sail is observed. The parameters such as density and velocity of SWS and the intensity of coil current are varied in order to design a magnetosphere with an appropriate size of L. The L as shown in Fig. 1 is given as the following equation Eq.
(1) derived in the reference 9) .
(1)
In the ground experiment, it is appropriate to set the size of the magnetosphere in the scale-down modeling in the laboratory, L, as 0.066 m, since the parameters of the MPD arcjet and the size of vacuum chamber are limited. The details of the operating conditions of the plasma flow and the coil current set on the basis of the selected value of L = 0.066 m are summarized in Table 1 . This magnetosphere of size L = 
0.066 m in the scale-down experiment 13) corresponds to the magnetosphere of size L = 120 km in real space since the ratio of ion Larmor radius at the magnetopause to L (r L /L) for the experiment and the numerical simulation is the identical value. In this experiment 13) , the parameters of plasma jet such as n sw , v sw and T e were measured. The propulsive force produced in the magnetic sail simulator was also measured by a pendulum-type thrust stand. The profile of the magnetic flux density B along the direction of the plasma flow was measured with a magnetic probe; the photograph of the plasma flow around the magnetic sail was taken to observe the interaction between the magnetic field and the plasma flow, especially, at the magnetopause. The numerical simulation using the 3D hybrid PIC model is performed by using the same parameters as those measured in this laboratory experiment so as to reproduce the experimental results of the characteristics of the magnetosphere (L and variations of B, J) and the thrust on the magnetic sail simulator. Table 1 .
Parameters set during ground experiment, numerical simulations and those in space 13) . Figure 4 illustrates the simulation model. The coil of the magnetic sail simulator is assumed to coincide with the origin of the simulation box. The radius of the coil and the coil current are set at the same values as those used in the laboratory experiment, which are listed in Table 1 . The same initial distribution of magnetic field in the laboratory experiment is maintained in the simulation box. The real coil object does not exist in the simulation domain hence there is no consideration that ion particles directly collide with the coil. The parameters associated with the plasma flow are set to the values listed in Table 1 . Initially, the proton ions, indicated with an arrow in Fig. 4 , are injected from the side of the -Z boundary. The ions are injected from that region of the boundary which has a finite thickness of v sw × dt and are then located randomly in that finite region. The velocity distribution of ion follows a Maxwellian distribution. After the plasma injection is initiated, the simulation is continued till the magnetosphere formed attains a steady-state. Other simulation parameters are summarized in Tables 1 and 2.   Table 2 . Numerical simulation parameters.
Numerical Simulation

Simulation model
Simulation code
The 3D hybrid PIC model used in the present study is based on the model proposed by Horowitz 14) . The hybrid particle-in-cell model treats ions as individual particles and electrons as a fluid. This approach is valid when the system behavior is dominated by ion physics. The leap-frog method 14) is adopted to solve the equation of motion of the ions. We assume a quasi-neutrality condition and set the ion charge density equal to the electron charge density. We introduce the Darwin approximation 14) in the equation of Ampere's law. To carry out stable calculations in relatively low density plasma Schematic diagram of experimental setup for thrust measurement of magnetic sail 13) . and strong magnetic field, we adopt the CAM-CL (Current Advance Method and Cyclic Leapfrog) method 15) . In vacuum region, the electric field is calculated from the Laplace equation (∇ 2 E = 0) using the successive over relaxation (SOR) numerical method 16) . A density threshold is assigned to distinguish the plasma region from the vacuum region; if the density of the plasma in a region is less than 20% of that of the injected plasma flow, then that region is considered as a vacuum region. During the simulation, the electron temperature is kept constant. The electrical resistivity η is considered in the electron momentum equation. Generally, the electrical resistance in a plasma is approximately given by the Table 1 is calculated using the collision frequency described in Ref. 11 . Cartesian coordinates (X, Y, Z) are adopted and the zero-gradient condition in the electric and magnetic field is adopted at the boundary.
Collision model
The estimated degree of hydrogen ionization α is around 0.1-0.5 for SWS-MPD in the chamber experiment 11) . The degree of ionization α is defined as the ratio of the n sw to the density of ion and neutral gas (n sw + n n ). The degree of ionization α of 0.3 is used in the present simulation, which value is decided based on the past evaluation 12) . Most of the hydrogen molecules (H 2 ) dissociate into atoms (H) at a relatively high temperature of 1 eV. (at 0.5 eV, 95% dissociation). The ratio of the mean free path of H-H+ momentum transfer collision and the L～0.1 m is on the order of one. Therefore, the effect of the collision between the H and H + must be taken into consideration in the numerical simulation. A Monte Carlo collision model is adopted as the elastic and momentum-transfer collision model in the PIC method 17) . When the collision occurs, the velocity of ion is calculated by the same method in Ref. 17 . The hydrogen atoms with Maxwellian distribution are assumed to be distributed throughout the simulation region. The n n is calculated from α and n sw . The flow velocity of hydrogen atom is calculated on the basis of the mass conservation law in the plasma plume with a radius of 0.35 m as shown in Fig 3. The momentum-transfer cross section of an elastic collision depends on the relative velocity between the hydrogen ion and atom. This cross section is calculated from the experimental data reported in Ref. 18 , and this value is set to be constant throughout the simulation. A probability of the occurrence of the collision is calculated from Eq. (2), where σ is the momentum-transfer cross section, and v re is the relative velocity between the hydrogen ion and atom. The collision parameters are summarized in Table 3 . 50% of all collisions are treated as the charge exchange collisions described in Ref. Figure 5a shows the photograph of the plasma flow taken using a shutter camera around the magnetic sail on the XZ plane. The simulated solar wind flows from the left boundary. In this figure, you can see the characteristic field as mentioned in Figs. 2-3 . The region inside two dashed lines in white about -70 mm away from the coil center is dark in comparison with the outer region, hence the dashed lines may correspond to the magnetospheric boundary. This dark region confirms that the plasma flow is blocked by the magnetic field produced by the coil because the dark region was not observed in experiments without the magnetic field. Within this boundary, weak light emission resides even though the incoming plasma flow from outside is reflected by the magnetospheric boundary. The distance between the A-A' line and the coil center is in good agreement with the theoretical distance L calculated from equation (1) Figure 5b shows the simulation result of the contour plot of the averaged ion density distribution on XZ plane, whose region corresponds to the black dotted region in the photograph shown in Fig. 5a . The ion density distribution in Fig. 5b is averaged over the period of 10 ω ci t. The coil of realistic scale is placed at the origin in Fig. 5b . The region inside two dashed lines in white about -70 mm away from the coil center in Fig. 5b is high density in comparison with the outer region, hence the dark region indicated by dashed lines as shown in Fig. 5a corresponds to the region where the plasma density increases due to the plasma trapped by the magnetic field line. Also the distance between the closer boundary to the coil (A-A' line) and the coil center in Fig. 5b is also consistent with L calculated from plasma data using Eq.
19.
Numerical Simulation Results
Structure of magnetosphere
(1). To illustrate the magnetospheric boundary region along the Z-direction, panels (a-d) in Fig. 6 show the variations of magnetic flux density, number density, velocity and current density J y along the Z-direction obtained by the numerical simulation. These profiles are averaged over the period of 10 ω ci t. Fig. 7 is in good agreement with the numerical simulation result of the variation of magnetic flux density as indicated A-A' line in Fig. 6a . This location also agrees well with the position of the white dotted line closer to the coil shown in Figs. 5a and 5b. It can be seen in Figs. 6 that upstream of the magnetospheric boundary layer is associated with a region where the magnetic flux density and the plasma density increase while velocity decreases due to the plasma trapped by the magnetic field line. Also the induced current as shown in Fig. 6d and Fig. 7 increase at the magnetospheric boundary layer, hence the gray regions in Figs. 6 and Fig. 7 correspond to the magnetopause current layer. The dark region separated by the two white dashed lines shown in Fig. 5a corresponds the magnetopause current layer since the width of the gray region shown in Figs. 6 and Fig. 7 have a good agreement with the region inside the dashed lines in white as shown in Figs. 5a , 5b. The ratio of the width of this current layer to L is 10% wider than that in MHD scale 12) as the characteristics of the thickness of the current layer on ion inertial scale is explained in Fig. 2 . The location of peak density and the minimum of plasma velocity shown in Figs. 6b and 6c correspond to the location where the ratio of B x /B x0 equals to one as indicated B-B' line in Fig. 6a . This location also nearly equals to the center of the magnetopause current layer and agrees well the location where the ratio of B x /B x0 in experiment equals to one as indicated C-C' line in Fig. 7. 
Comparison of thrust in the numerical simulation results with those obtained experimentally
The thrust measured by the thrust stand in the experiment is 0.3 ± 0.05 N. This thrust value is measured as the difference between the impulses of the thrust stand when the magnetic sail simulator is operated (in the presence of the magnetic field) and the impulses when the magnetic sail simulator is not operated (in the absence of the magnetic field). This implies that the measured thrust is a purely electromagnetic Lorentz force generated on the coil. In the present numerical simulation, the Lorentz force generated on the coil is calculated from the simulation results with and without the collision model by using the equation as follow.
(3) where J coil is the current on the coil, as listed in Table 1 , B i is the induced magnetic field calculated from induced current (J total = J i + J e = (1/μ 0 ) × rot B) by integrating the Biot-Savart law over the entire computational domain. Also, other two forces, the momentum conservation law considering the momentum of ion and neutral particles, the Maxwell stress are calculated and then we confirm that these two forces agree well with the Lorentz force within 10%. (5) 4) and indicate whether the MHD interaction or the particle interaction is dominant, respectively. The equation (4) is calculated using Eq. (5) and the parameters of real solar wind in space for n sw , m i and v sw . When r Li /L is less than unity, the MHD interaction between the plasma flow and the magnetic field is dominant; so, the MHD approximation is satisfied. A dotted line in the graph represents the result calculated from the ideal MHD approximation 20) , and there is good agreement with the gray line. When r Li /L becomes greater than unity, the interaction between the plasma flow and the magnetosphere becomes weak and drastically reduces the thrust obtained, since the finite ion Larmor radius effect appears in this interaction. As r Li /L becomes even larger, the solid black line in the graph deviates from the dotted line (MHD approximation). The circles in this graph represent the numerical simulation results evaluated from the same hybrid PIC code 5) . Their error bars represent the standard deviations, which are the root-mean-square (RMS) deviations from the mean. The black squares and gray triangles for r Li /L = 0.3 in the graph represent a scaled-down laboratory experiment in a space chamber 10) and the past numerical simulation results 12) obtained using the hybrid PIC code with the same parameters as the laboratory experiment, respectively. The black squares and gray triangles for r Li /L = 0.8 in the graph represent the present results of numerical simulation and experiment. These values for r Li /L = 0.8 are recalculated by using the value of C d for the present experimental result and the parameters of real solar wind. These results are in good agreement with each other and with the approximate formula in Eqs. (4) to (5) 4) .
Summary
The 3D hybrid particle-in-cell simulation was carried out by adopting a Monte Carlo collision model in order to understand the plasma flow structure around the magnetosphere on the ion inertial scale. We compared the experimental results with the numerical simulation results such as the variation of the density, magnetic field current density along the plasma flow direction, and the obtained thrust value. As a result, it is found that the dark region around magnetospheric boundary appearing in the experimental photograph corresponds to the region where the plasma density increases due to the plasma trapped by the magnetic field. The induced current both perpendicular to the plasma flow and the magnetic field also increases in this magnetospheric boundary region hence this region is deduced the magnetopause current layer. The width of the magnetopause current layer shows a good agreement between the numerical simulation result and experimental result. The predicted thrust value of 0.34 ± 0.01 N obtained by the hybrid simulation agrees well with the experimental result when numerical simulation is carried out by considering the ion-neutral collision effect.
The magnetosphere generated by the magnetic sail is influenced by the solar wind and the interplanetary magnetic field (IMF) in real interplanetary space. The magnitude of the magnetic field around the magnetosphere produced by the magnetic sail is comparable to that of the IMF. Therefore, it is possible that the dynamics of this magnetosphere are predominantly controlled by magnetic reconnection, which favorably occurs under antiparallel field condition. Hence, the IMF should also be taken into consideration in the numerical simulations carried out to estimate the thrust on a spacecraft.
